Object. The aim of this study was to evaluate the clinical results and surgical outcomes of cystic vestibular schwannomas (VSs) with fluid-fluid levels.
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C ystiC VSs are described as behaving more aggressively than solid VSs, with atypical initial symptoms, preoperative facial palsy, short clinical history, large size, unenlarged internal auditory canal, and sudden deterioration because of rapid growth, unpredictable expansion of the cystic component, or hemorrhage. 15, 27 Cystic VS also presents a therapeutic dilemma. Observation alone is not recommended for these tumors because the cystic component expands rapidly, resulting in severe mass effect and hydrocephalus. 6 Apart from the large tumor size at diagnosis and the cystic component, sudden deterioration resulting from expansion of the cystic component or hemorrhage after radiosurgery does not support radiation therapy as a treatment option. 9, 11 Regarding surgical treatment, cystic VS also has a worse prognosis because of the difficulty in preserving an adequate subarachnoid dissection plane, hypervascularity of the solid components, frequent engulfment of neurovascular structures, unusual cranial nerve displacement, substantially increased risk of accidental lesioning of the facial nerve, 2, 21, 27 and a greater tendency for postoperative bleeding 19, 26 as compared with solid VSs. But the results of some recent studies have not supported these conclusions. 12, 14, 23 Thus, we hypothesized that not all cystic VSs may have worse surgical outcomes, and some undefined factors originating from cystic VSs might be responsible for these different clinical and surgical courses. Interestingly, we found a subset of cystic VSs presented with fluid-fluid levels, indicating intratumoral hemorrhage, as previously reported. 7, 24 The aim of this study was to evaluate the clinical results of cystic VSs with fluid-fluid levels, and to investigate whether the presence of fluid-fluid Fluid-fluid level in cystic vestibular schwannoma: a predictor of peritumoral adhesion levels in cystic VSs may be relevant and important for predicting surgical outcome. We also discuss the possible mechanism of peritumoral adhesion and formation of fluid-fluid levels and its implication for surgical strategy.
Methods

Patient Population
From April 2008 to March 2012, 224 cases of VS were admitted to Beijing Sanbo Brain Hospital. The clinical data of all cases were reviewed retrospectively. The tumors were defined as cystic when the radiological evidence of cyst formation presented and the intraoperative findings revealed significant cystic components. The cases that were considered neurofibromatosis Type 2, treated previously by radiosurgery, or had recurrent VS were excluded from this study. Eventually, 45 cases of cystic VS and 86 cases of solid VS were included in the study population.
Preoperative Investigation
All routine preoperative investigations were performed. Special investigations included pure tone audiometry, speech discrimination tests, and auditory evoked potential recordings. Neuroradiological investigations included bone window CT and MRI with contrast enhancement. The 45 cases of cystic VS were further divided into 2 groups according to whether fluid-fluid levels had been noted on preoperative MRI. To detect small fluid-fluid levels in cystic VSs, we used thin-slice, T2-weighted, 3D TSE pulse sequences with DRIVE. The tumor size was defined as the largest diameter in the cerebellopontine angle without considering the intracanalicular component of the tumor, which was measured and recorded by the operators (M.W.Z. and D.J.Z.) on the radiological workstation.
Surgical Procedure
All cases were operated on via a suboccipital retrosigmoid approach by the senior author (C.J.Y.), who has performed more than 1000 cases of VS resection. Standard microneurosurgical techniques were used, with intraoperative neuroelectrophysiological monitoring performed with Medelec Synergy (Oxford Instruments Medical, Inc.) in all cases.
A complete resection was attempted in all cases. The facial nerve runs along the surface of the tumor and usually becomes elongated and thin. We try to identify this nerve and dissect it along the arachnoidal plane. Sometimes it is difficult to preserve the arachnoidal plane due to a stronger peritumoral adhesion. Moreover, the facial nerves may be displaced in a different position, which may depend on the pattern of the cyst in VS. The presence of multiple cysts made it more difficult to identify the course of the facial nerve and protect it during tumor dissection. The characteristics of the adhesion of the tumor were carefully noted by reviewing the surgery and surgical video records. The senior author (C.J.Y.) considered a tumor to be adhesive if a subarachnoid plane of dissection did not exist between the tumor capsule and peritumoral neurovascular structures (such as the facial nerve, brainstem, or PICA), which resulted in discontinuity of the facial nerve or deliberately leaving small pieces of tumor remnant adhering to these important neurovascular structures. Otherwise, a tumor was considered nonadhesive if the subarachnoid plane of dissection did exist and could be used to bluntly or sharply dissect the tumor capsule completely from the facial nerve, brainstem, or PICA.
Postoperative Outcome and Follow-Up
Postoperative facial nerve function was assessed according to the House-Brackmann grading scale at discharge (about 2 weeks postoperatively) and 1 year postoperatively. All cases were analyzed for complications and postoperative course and followed-up by repeated MRI and neurological examinations, with a specific focus on facial nerve function.
Statistical Analysis
Using the statistical software SPSS (version 12.0), 1-way ANOVA was used to determine statistical differences in the duration of symptoms and tumor size between cystic VS with or without fluid-fluid levels and solid VS. The chi-square test was used to determine differences in the number of multiple cysts, peritumoral adhesions, total resections, and facial nerve outcomes between cystic VSs with or without fluid-fluid levels, and solid VSs. A probability level < 0.05 was considered statistically significant.
Results
Clinical Features
The 3 groups consisted of 66 male and 65 female patients, who ranged in age from 13 to 79 years old (mean 44.86 years old). As determined by preoperative MRI, 24 cases of cystic VSs with fluid-fluid levels were considered the fluid-level group, whereas 21 cases without fluid-fluid levels were regarded as the nonfluid-level group (Fig. 1) . It is noteworthy that the thin-slice, T2-weighted, 3D TSE pulse sequence with DRIVE detected some small fluidfluid levels in 7 cases, which had not been found using conventional MRI (Fig. 2) . Moreover, obvious multiple cysts were observed in 19 (79.2%) of the 24 cases in the fluid-level group compared with 10 (47.6%) of the 21 cases in the nonfluid-level group (p = 0.027; Fig. 3 ; Table 1 ).
The clinical records of cystic VSs are summarized in Table 1 . The mean duration of symptoms (± SEM) was 41.49 ± 11.13 months in the fluid-level group, 39.38 ± 10.90 months in the nonfluid-level group, and 51.92 ± 7.83 months in the solid group (p = 0.644). The mean tumor size was 38.63 ± 1.89 mm in the fluid-level group, and 39.14 ± 2.41 mm in the nonfluid-level group (p = 0.955). The mean tumor size was 32.42 ± 1.11 mm in the solid group, significantly smaller than the mean size in the cystic VS group (p = 0.004).
Surgical Outcome
In the fluid-level group, 17 (70.8%) of 24 VSs were considered to be adhesive-of which 14 adhered to the fa-cial nerve (Fig. 4) , 2 adhered to the brainstem, and 1 adhered to the PICA. In the nonfluid-level group, 6 (28.6%) of 21 were considered to be adhesive-5 of which adhered to the facial nerve and 1 adhered to the PICA. In the solid VS group, 22 (25.6%) of 86 were considered to be adhesive-of which 15 adhered to the facial nerve, 5 adhered to the brainstem, and 2 adhered to both of them simultaneously. Peritumoral adhesion was significantly greater in the fluid-level group (70.8%) than in the nonfluid-level group (28.6%) or solid group (25.6%; p < 0.0001). Complete tumor removal was achieved in 45.8% of the patients (11/24) in the fluid-level group, which was significantly lower than in the nonfluid-level group (76.2%, 16/21) and the solid group (75.6%, 65/86; p = 0.015). Five (20.8%) of 24 patients in the fluid-level group, 1 (4.8%) of 21 in the nonfluid-level group, and 4 (4.7%) of 86 in the solid group had a broken facial nerve due to surgery, but these values were not significantly different (p = 0.058). However, in the case of a broken facial nerve in the nonfluid-level group, although MRI did not find any fluid-fluid level, there were other obvious hemorrhage appearances (Fig. 5) .
Postoperative Course and Follow-Up
At discharge, facial nerve function was evaluated in all cases. Reconstruction of the facial nerve was attempted in 5 cases with a broken facial nerve, and all of these cases were graded as House-Brackmann Grade VI, even if they achieved some nerve function. Facial nerve grades at discharge are compared between the 3 groups in Table 1 ; upper row) and without (Case 37, Table 1 ; lower row) fluid-fluid levels. (p = 0.116). One case with House-Brackmann Grade V in the fluid-level group underwent masseteric-facial nerve anastomosis (Case 27, Table 1 ). Another patient in the solid VS group underwent hypoglossal-facial nerve anastomosis. One case (Case 27, Table 1) in the fluid-level group had demonstrable lesions on follow-up MRI; because of the very small tumor size and no symptoms, this patient was followed up for 19 months. Another case in the solid VS group had a remnant lesion noted on repeated MRI and underwent stereotactic radiosurgery twice. In the other cases, no recurrence was found.
Discussion
The result of this study show that cystic VSs with fluid-fluid levels more frequently adhere tightly to surrounding neurovascular structures and have a less favorable surgical outcome.
Criterion of Cystic VS
The incidence of cystic VS varies from 5.7% to 48%, with rates of approximately 10% in more recent studies. 23 However, the true incidence is debatable and is dependent on the criteria used. Most recent studies defined the tumors as cystic when the intraoperative findings revealed the presence of significant cystic elements, in addition to the preoperative radiological evidence of cyst formation. 21, 23, 27 But the studies of Charabi et al. 4 ,10 presented stricter criteria for cystic VSs that also included histological verification of the presence of an S100-positive membrane. In our series, we did not include any histological criteria. Histological verification of an S100-positive membrane is used to differentiate a peritumoral arachnoid cyst from cystic VS. When experienced neurosurgeons dissect the tumor capsule in the subarachnoid plane, it is not difficult to differentiate the cystic wall from an arachnoid cyst. Furthermore, enhancement of the cyst wall is an imaging characteristic that can be used to differentiate a cystic wall from arachnoid cysts.
Facial Nerve Outcome of Cystic VS
There continue to be debates regarding the correlation between cystic VS and postoperative facial nerve outcome. In most studies, reported facial nerve outcomes after cystic VS resection were worse than the results with solid tumors of comparable size. 5, 10, 18, 19, 21, 26, 27, 30 This difference may be due to a tight adhesion of the nerve to the tumor surface, with difficulties in preserving the arachnoidal plane, unusual position of displacement dependent on the pattern of development and growth of the cyst, and the low resistance to traction after cyst evacuation.
2,21,27
However, other studies have not found any significant differences in facial nerve outcomes between cystic and solid tumors or different cystic tumor types. 2, 12, 14, 23 Lunardi et al. 17 believed that aspiration of the cyst content facilitated recognition and preservation of the facial nerve and removal of the solid component, thus ensuring a very good prognosis in all patients. Mehrotra et al. 20 found that in cystic VS, facial nerve preservation was higher due to the faster and earlier decompression of the lesion that facilitated its earlier identification. However, in those patients in whom the cystic component was in excess of 90%, preservation of the anatomical continuity of the facial nerve was difficult.
Peritumoral Adhesion of Cystic VS
Because there have been conflicting views on whether postoperative facial nerve outcomes of cystic VSs were significantly different from solid VSs, we believe that apart from tumor size, cystic component, and surgeon experience, some other factors must affect the tumor's adhesion to the surrounding neurovascular structures.
The results of our study showed that not all cystic VSs adhered to surrounding neurovascular structures, but cystic VSs with fluid-fluid levels, indicating intratumoral hemorrhage, more frequently adhered to the facial nerve, brainstem, or PICA, and had a worse prognosis. Certainly, the degree of adhesion of the tumor to surrounding neurovascular structures is unable to be measured because this is very subjective, 16 and is judged by the neurosurgeon while dissecting the arachnoidal plane. The rate of complete resection is also affected by a neurosurgeon's experience. The senior neurosurgeon of this study has performed more than 1000 cases of VS resection over 20 years. Deliberate subtotal tumor removal was performed only in cases of adherence of the tumor to important neurovascular structures, not for hypervascular tumors with a risk of bleeding or intraoperative cerebellar swelling. 27 Thus, the criterion of adhesion in this study was as follows: deliberate subtotal tumor removal or discontinuity of the facial nerve resulting from disappearance of the arachnoidal plane. Therefore, in this study, a tumor's adhesion to surrounding neurovascular structures, judged by the same experienced neurosurgeon, is relatively objective.
Possible Mechanism of Peritumoral Adhesion
Given the results of this study, we hypothesize that repeated intratumoral hemorrhages significantly increase the risk of peritumoral adhesion in cystic VS. At the beginning of the procedure, some degenerative changes occurred in VS, which included fatty and hyaline degeneration. 8, 15 These changes probably result in or are accompanied by vascular abnormalities such as hypervascularity, malformed vessels, hyalinized vessels, and thrombosis, 3, 8, 15, 20 and then hemorrhages and hemosiderin deposition. 13, 22, 29 Because of the vascular abnormalities, the incidence of intratumoral hemorrhage and multiple cyst formation in VS increased as the tumor grew. 28 Intratumoral hemorrhage introduces massive inflammatory cell infiltration, 20 especially macrophages [2] [3] [4] and releases proteinase, 26 including matrix metalloproteinase-2, which destructs the tumor-nerve barrier proteolytically and increases peritumoral adhesion. 21 In this study, extensive lymphocytes, lipophages (foamy macrophages), and hemosiderin-laden macrophages were observed in the samples of the fluid-level group (data not shown). Furthermore, we found that most cystic VSs with fluid-fluid levels were multicystic, with thin cystic walls on the surface of the tumors. We believe these multiple cysts were caused by repeated microhemorrhages, and then multiple cysts on the surface significantly increased the chance of peritumoral adhesion with surrounding neurovascular structures, especially the facial nerve, brainstem, and PICA.
Fluid-Fluid Level in Cystic VS
Fluid-fluid levels in tumors can be caused by hemorrhage from hypervascular neuromas or by collection of liquefacted necrotic material. 7, 24 However, necrosis is usually accompanied by hemorrhage, while microhemorrhage is common in VS. 13, 22, 29 By histologically analyzing intracranial schwannomas with spontaneous hemorrhage, it was found that the majority were hypervascular with dilated thin-walled vessels, and this resulted in hemorrhage and fluid-fluid levels within the cystic tumor.
1 Therefore, we believe that the formation of the fluid-fluid level in cystic VS was due to hemorrhage.
Computed tomography scans and MRI, if performed in a gravity-dependent plane, depict fluid-fluid levels by virtue of their high-contrast resolution. It is noteworthy that in our experience, thin-slice, T2-weighted, 3D TSE pulse sequence with DRIVE was more sensitive for detecting small fluid-fluid levels. Seven cases of the fluidlevel group would have been missed without this technique.
Surgical Strategy
Although many important neurovascular structures may be found to adhere to VSs during resection, neurosurgeons usually focus their attention on the brainstem, the facial nerve, and the vessels in the posterior fossa. To protect these important neurovascular structures, we advocate the strategy of looking for subarachnoid planes that lend themselves to blunt or sharp dissection. If the arachnoid plane is not well developed, we use the onion skin technique of tumor removal, 25 in which each layer of the VS is removed, from the inner layer to the outer layer, until the outermost layer is reached and removed piecemeal. Finally, only the thin capsule is lying over the facial nerve, the brainstem, or vessels of the posterior fossa. At that time, we advocate subtotal resection in these areas, 23 leaving portions of the thin capsule, and reducing the vitality of tumor remnant to delay or prevent its relapse using low-power coagulation; this will decrease the risk of neurovascular damage, but not increase recurrence rate as shown in our follow-up data.
Limitations of the Study
The retrospective collection of data might have introduced a selection bias. The tumors that initially received radiotherapy were solid, and therefore many solid tumors were excluded. It is not possible to blind the surgeon to the fluid-fluid group. For cases with a cosmetic requirement, a more conservative strategy was adopted during tumor resection to protect the facial nerve. Regarding surgical assessments, the judgment of peritumoral adhesion is subjective; this source of bias was minimized by using data from a single neurosurgeon who could apply a relatively consistent philosophy. However, single-surgeon experience also limits the generalizability of results. As to follow-up assessments, the 1-year follow-up is not long enough, and some facial nerve functions were found to improve after 1-year.
Conclusions
The cystic VSs with fluid-fluid levels more frequently adhered tightly to surrounding neurovascular structures, and had a less favorable surgical outcome. A possible mechanism of peritumoral adhesion is intratumoral hemorrhage and consequent inflammatory reactions that lead to destruction of the tumor-nerve barrier. Magnetic resonance imaging, especially thin-slice, T2-weighted, 3D TSE pulse sequence with DRIVE, is more sensitive for detecting small fluid-fluid levels. These findings may be useful in predicting surgical outcome and determining preoperative surgical strategy. 
